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DYNAMIC MI:.ASUREMENTS IN RECIPROCATING
REFRIGERANT COMPRESSORS

Carl F. Speich , Develo pment hngine er,
Trane Compan y, La Crosse , \Vis cons in

Today' s refrig erant compre ssor can be
charac terized as being compac t, highly
reliab le, and having good perform ance.
It is the result of many thousa nds of
man-ho urs of effort . Becaus e of the
investm ent involv ed, it behoov es the
develo pment engine er to use whatev er
measur ement techni ques are availa ble to
aid him in optirr, izing the compre ssor
design . For examp le, endura nce testin g,
both in the labora tory and in the field,
has been a standa rd means of establ ishing
valve reliab ility.
In the past, only
approx imate method s were availa ble to
estima te the valve stress es. As a result ,
knowle dge of poten tial valve problem s
could only come from valve failur es in
test compr essors. With the advent of
miniat ure, foil-ty pe, strain gages, it
has become possib le to measur e the dynamic valve strain s under operat ing conditions which are known to be critic al to
valve life. In fact, work by Ukrain etz
and Cohenl has shown how this approa ch
can be used to perform accele rated life
tests.
If the result s of work of this
type show a valve design to be overstress ed, it can be redesig ned for a
satisfa ctory stress level before long
term testin g comme nces.
Perform ance tests are an import ant part
of the total testin g program 2 for prototype compr essors. Howev er, in additio n
to the standa rd types of tests, it is now
possib le to perform valve motion studie s
and instan taneou s pressu re measur ements
in order to better define the valve motion
and pressu re histor ies within the compresso r. Such measur ements provid e additional inform ation on valve losses and
indica te if change s in manifo lding or
valve lift can provid e a better perform ing
compr essor.
It is the purpos e of this paper to outlin e
and give exampl es of variou s measur ement
techni ques which have been used in reciprocati ng refrig erant compr essors.
It is
not intend ed that this paper be an exhaus -
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tive survey of all the types of measur ing
techni ques which have been used in compresso rs. Instea d, specif ic transd ucers
are descri bed which have been used successfu lly to gain furthe r knowle dge
about the events which occur within a
compr essor. Speci fically , the techni ques
will includ e experi mental stress analys is
using strain gages, dynami c valve motion
measur ements , instan taneou s pressu re
measur ements , and high speed photog raphy.
EXPERIMENTAL STRESS ANALYSIS
One import ant means of measur ing strain s
in compre ssor valves has been throug h
the use of strain gages. The advent of
the epoxy- backed foil gage has made this
a practi cal techni que in the modern technology of recipr ocatin g compr essors.
These foil gages, which in themse lves
are only a few thousa ndths of an inch
thick, can be adhere d to valves or other
compre ssor compon ents with epoxy cement s
adequa te to withst and any temper atures
normal ly experi enced within a compr essor.
By using gages whose grid length s are of
the order of .015, .030 or .050 inch in
length , it is possib le to measur e strain s
in compon ents which are experi encing
rather large stress gradie nts.
Figure 1 is a photog raph of a typica l
strain gage instal lation on a flexin gring type suctio n valve. The approa ch
used here was to minimi ze the mass of
the leads and gage instal lation . Experience has shown that this approa ch not
only minim izes the mass loadin g effect s
on the valve, but prolon gs lead and
solder tab life. Other than the normal
rules regard ing cleanl iness and carefu l
instal lation , the art of strain gaging
within compre ssors is primar ily in the
area of the leads.
The normal approa ch
is to bring the leads to a point on the
valve which has a minimu m displac ement
during the action of the valve.
Figure 2
shows the instal lation of this valve in a
test compre ssor. As shown, the strain

gage is located on the piston side of the
valve. This approach has permitted lead
lives of the order of one hour. By running the leads from the gage into a
bridge circuit specially suited for this
type of dynamic strain work, it is possible to get strain histories of the valve
under all operating condition s. Host
important ly, it has been possible to
measure valve strains in compresso rs
which are installed in normal air condiSuch studies have inditioning units.
cated how the valve strain will vary with
variation s in unit operation . Typical
examples would include periods of
flooded operation .
Figure 3 is an example of the strain
measured in the aforement ioned suction
valve. The compresso r vTas a high-spee d
steel shell compresso r operating at a
The strain
normal air condition ing load.
history shows that the valve oscillate s
over a wide range of displacem ents during
the normal period for passing refrigera nt
vapor. Also, the strain is composed of
both moderate and high frequency components. An analysis of data such as these
show that the valve is subjected to high
frequency strains resulting from the overshoot of the unsupport ed valve sections
as well as the lower frequency strains
from the fundament al bending mode.

DYNAMIC VALVE DISPLACEMI:..NT MEASURBMENTS
If one makes strain measureme nts on flexing valves within a compresso r, then some
knowledge is already available as to how
the valve moves. A simple, first mode
analysis would say that the displacem ent
of the valve will be proportio nal to the
double integral of the stress. However,
proximete r type transduce rs are now available on the market which allow direct
measure of the valve motions in reciproca ting compresso rs. These transduce rs are,
in effect, small inductive coils which
send out an electroma gnetic field of high
The presence of ferro or parafrequency .
magnetic materials in the field of the
coil causes a change in the impedance of
the electroma gnetic circuit. This change
in impedance , as measured by a voltage,
can be related to the distance between the
material and the transduce r. Generally
speaking, transduce rs are available with
effective ranges up to .18 inch. This
distance is quite adequate for any valve
lift normally used in reciproca ting compressors.
This type of transduce r is quite non-linea r
over its full range of sensitivi ty. However, with the proper pre-calib ration of
the transduce r, it is possible to use these
transduce rs, A wide shift in temperatu re
will cause a shift in the sensitivi ty of
the transduce r. However, within reason,
these shifts are linear with temperatu re
and it is possible to correct for them.

Figure 4 is an example of strain measurements which were made on a spring-loa ded
ring valve. The valve was installed in a
production compresso r operating within
its normal operating range. The gage was
oriented to be tangent to the median diameter of the valve. Because no strain
was measured except at the instances of
impact, it can be seen that the valve \vas
moving as a rigid body. However, a high
frequency valve strain does exist at the
instant when the valve strikes the valve
stop or valve seat. If a radial gage
location is used, the strain history will
show the effects of the valve deflecting
between the concentri c seats during those
periods when the valve is closed and a
pressure different ial exists across it.
Heasureme nts made in this manner have been
found to agree very well with analytica l
prediction s.

Figure 5 shows the installati on of a proximetry probe in the suction valve plate of
a high speed hermetic compresso r2. The
schematic sketch accompany ing the figure
shows a sectional view of the installati on.
The ~potting" of the coil in a steel plate
greatly affects the output of the transducer. Therefore , the pre-calib ration
must be done with the transduce r in place.
Figure 6 is an example of the output from
such a transduce r2. Although not measured
at the same time as Figure 3, it still confirms the low frequency character istics of
the motion. The rounding off of the peaks
is due to the non-linea rity of the probe.
The high frequency component s of the
motion are not detected because of the
lower sensitivit y of the probe.

The type of strain measureme nts being reported here are, of course, dynamic
measureme nts. As such, the effects of
instantane ous temperatu re variation s are
considered of second order importanc e. As
a check on this assumptio n, a strain gage
was attached to an essential ly unstrained
component within the cylinder volume and
the strain recorded over one complete
cycle of compressi on. Only a very small
variation in strain was noted.

This same type of probe can be used for
spring-loa ded ring valves. Tests on such
valve assemblie s show that when designed
properly and operating under normal load
condition s, the valve opens and closes in
essential ly a "text-book " manner. That is,
the valve opens, stays open for gas passage
and closes. These probes are of particula r
value when non-stand ard valve behavior is
suspected . Figure 7 is an example of this
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type of behavio r.
In this photogr aph,
both suction and dischar ge valve motions
are shown.
The upper trace with the
shorter time span is the dischar ge valve.
Both traces show a conditi on where the
valve·d oes not remain open but rather
flutter s and/or oscilla tes during its
open period. The particu lar operati ng
conditi on under which these motions occurred was one in which an insuffi cient
mass flow passed through the valves to
maintai n proper valve dynamic s.
The
suction valve motion is also indicat ive
of the pattern which is measure d when the
lift of the valve is too great for the
displac ement of the cylinde r at a given
operati ng point.

Figure 8 is an example of the type of
pressur e measure ment which can be made.
This pressur e trace was made on a compressor operati ng at a nominal air conditioning load. The transdu cer was connected to the cylinde r through a probe tube
drilled in the housing .
A timing pulse is also evident in the
photogr aph. The pulse is trigger ed at the
top dead center point of the test cylinde r.
One obvious feature of the trace is that
the dischar ge valve is closing too late
after TDC for this particu lar coml-'re ssor.
It is also evident that high frequen cy
pressur e oscilla tions can exist within
the cylinde r.

INSTANTANt.OUS PRESSURE MEASUREMENTS
One of the applica tions in which instantaneous pressur e measure ments are of
interes t is in the determ ination of
indicat or diagram s. Such diagram s are
particu larly useful for diagnos ing possible problem s in the compre ssion process .
Of the various measure ment techniq ues
being discuss ed in this paper, pressur e
measure ment is probabl y the oldest. The
literat ure, for example , details how
single point type measure ments can be
made using balance d-diaph ragm3 or capacitor-typ e transdu cers4. Strain- gage-ty pe
transdu cers have also been used to measure
the instant aneous pressur e in the cylinde r.
'l'his type of transdu cer can be made to
provide an absolut e pressur e measure ment.
Recent develop ments with piezoe lectric
transdu cers make these devices stable
enough for use in recipro cating compres sors.
These transdu cers are of the relative rather than an absolut e type. Some
method must be found to establi sh a known
pressur e from which to determi ne the other
pressur es. Mechan ical devices are available by which the measure d pressur e can be
constan tly referre d to an absolut e pressure.
Howeve r, such devices do require
more room than is sometim es availab le.
'l'here are also approxi mate methods by
which these pressur es can be establi shed.
These methods require that some other
indepen dent measure ment be made, such as
valve motion, by which it can be established when, in time, the suction valve
closes. The pressur e of the gas in the
cylinde r at this point in time will be
very close to the pressur e in the suction
manifo ld, which can be measure d indepen dently with a test gauge.
Pressur e
fluctua tions in the suction manifol d are
general ly found to be quite low.
Thus,
with one pressur e determi ned and the sensitivity of the transdu cer known, it is
possibl e to determi ne the pressur e at all
other interva ls of time during the compressio n cycle.
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Timing is critica l to the determ ination
of the sequenc e of events. commer cially
availab le magnet ic pick-up s which sense
a properl y placed protube rance on the
cranksh aft counterwe~ght do a fine job of
providi ng a strong signal.
The probe tube design can be critica l in
some compre ssor test work.
Ideally , the
tube should have a large diamete r so as
to provide a low impedan ce. On the other
hand, a large diamete r will increas e the
clearan ce volume of the compre ssor causing
a loss in perform ance and negatin g the
usefuln ess of the test data. It is possible to estimat e the probe diamete r on the
basis of acousti c theory for an arbitra ry
upper frequen cy limit 5 • The probe can be
checked by observi ng the re-expa nsion and
compre ssion section s of the pressur e trace.
When the actual initial pressur e and temperatur es are assumed , these curves have
been found to be close to isentro pic. The
traces should confirm this process path.
By measuri ng the capacit y of the compres sor before and after install ing a probe
tube, it is possibl e to confirm the extent
to which the probe affects the perform ance
of the compre ssor.
Figure 9 is an indicat or diagram made from
the pressur e trace as shown in Figure 8.
The diagram confirm s that problem s exist
at or near top dead center. The dischar ge
valve did not close rapidly enough and
permitt ed refrige rant to blow back into
the cylinde r as the piston started to retreat.
In this case, a redesig n was made
which correct ed this situati on and the
perform ance of the compre ssor was improve d.
Indicat or diagram s, such as shown here,
can be used for a diagno stic work in compressor s. The area under the enclose d
curve is a measure of the indicat ed work
done within the cylinde r. Some of that
work can be associa ted with valve losses.

If, in the opinion of the investigator,
these losses are too high, then it is
possible to make design changes and reevaluate the indicator diagram to measure
the effect of these changes.
HIGH-SPEbD PHOTOGRAPHY
High-speed photography can be used to
make qualitative studies of phenomena
Some
which occur within a compressor.
years ago, we made some simulation studies
of the valve motion in reciprocating comIt was desirable to try to
pressors.
photograph, using a high-speed camera,
valves as they were operating within a
It was realized that this
compressor.
would not be possible as valv~s are norHowever a special commally installed.
pressor was built for this study.
Figure 10 shows a schematic sketch of
how this simulation was made. A small
compressor was made parasitic to a large
The valves to be studied
compressor.
were within the parasitic compressor. The
purpose of the large compressor was to
supply an abundance of refrigerant at the
desirable pressure and density conditions.
The parasitic compressor was an open compressor which could be driven thru a
dynamometer. The valve in the inlet side
to the parasitic compressor controlled
the quantity of refrigerant allowed to
pass thru that compressor. The quantity
of refrigerant was monitored using an
orifice. The valve to be studied was put
in series with the discharge valve of the
parasitic compressor. This compressor
By conalso had a normal suction valve.
trolling the speed of the parasitic compressor and the operating conditions of
the large compressor, it was possible to
get an order of magnitude simulation for
the absolute time of valve motion in the
parasitic compressor, the density of the
refrigerant, and the mass flow of gas
thru the valve.

CONCLUDING REMARKS
An attempt has been made in this paper to
outline various experimental techniques
which can be used to learn more about
specific events in reciprocating compresIt has been shown it is possible to
sors.
make valve strain measurements, valve
motion measurements, and instantaneous
pressure measurements to learn better
where potential problems might exist. 'I'his
approach is fairly new to the industry but
already its value has been quite great.
Through techniques such as these specific
field problems and development problems
have been ferreted out quickly and solved.
The actual techniques which are used do
It
vary depending on the compressor.
takes the imagination of the investigator
to find how he can best obtain his information with a minimum of disturbance
There is also
to the compressor system.
the problem of evaluation or interpretation of the data. However, by being able
to make different types of measurements
of the same component it is usually
possible to find the proper interpretation.
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FIGURE 1

FIGURE 3

STRAIN GAGE INSTALLATION ON
A SUCTION VALVE

FIGURE 2

GAGED VALVE INSTALLATION

SUCTION VALVE STRAIN HISTORY
FOR A FLEXING RING VALVE
FIGURE 4

SUCTION VALVE STRAIN HISTORY
FOR A SPRING-LOADED RING
VALVE

PROXUlE'J'R Y

PLAN VIEW
FIGURE 5

SECTIONAL VIEH
INSTALLATION OF A PROXIMITY PROBE IN A SUCTION VALVE PLATE
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FIGURE 6

VALVE DISPLACENENTS FOR
SPRING-LOADED SUCTION AND
DISCHARGE VALVES

FIGURE 7

VALVE DISPLACEMENT FOR A
FLEXING RING TYPE SUCTIO~
VALVL
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INDICATOR DIAGRAM FOR A
COMPRESSOR OPERATING AT AN
AIR CONDITIONING LOAD

VALVE CLOSED

VALVE OPEN
FIGURE 11

HIGH-SP~ED

PHOTOGRAPHS OF VALVE MOTION
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